duced for EpsE or lacking motA and motB was consistent with a calculated root mean square angular deviation of~80°in 90 s for a B. subtilis cell tethered by an unpowered flagellum freely rotating by Brownian motion (supporting online material). In contrast, the angular deviation is much less,~3°, for an E. coli cell tethered by an immobilized flagellum (22) . Thus, EpsE acted as a clutch; when EpsE was induced, the flagella behaved as though they were unpowered rather than immobilized.
The biological function of the clutch appears to be related to the B. subtilis biofilm because epsE is encoded within the 15-gene eps operon that promotes the biosynthesis of the biofilm EPS and is repressed by SinR, the master regulator of biofilm formation. Therefore, control of a single locus ensures that cells become immobilized concomitant with biofilm formation ( fig. S5A ). In wild-type cells, trapped flagella and puncta of EpsE were observed within biofilm aggregates, and the cells within the aggregates were sessile ( fig. S6 and movie S5). Cells expressing the FliG V338A clutch-insusceptible allele formed aggregates, but the cells writhed within the confines of the matrix (movie S6). We hypothesize that the clutch helps to stabilize biofilms in the environment and acts as a fail-safe mechanism to ensure that flagella do not rotate while the cells are bound by EPS.
The bacterial flagellum, powered by a motor that generates 1400 pN-nm of torque, can rotate at a frequency of greater than 100 Hz (23) . EpsE disabled this powerful biological motor when associated with a flagellar basal body and, in a manner similar to that of a clutch, disengaged the drive train from the power source ( fig. S5B ). Clutch control of flagellar function has distinct advantages over transcriptional control of flagellar gene expression for regulating motility. Some bacteria, such as E. coli and B. subtilis, have many flagella per cell. The flagellum is an elaborate, durable, energetically expensive, molecular machine and simply turning off de novo flagellum synthesis does not necessarily arrest motility. Once flagellar gene expression is inactivated, multiple rounds of cell division may be required to segregate preexisting flagella to extinction in daughter cells. In contrast, the clutch requires the synthesis of only a single protein to inhibit motility. Furthermore, if biofilm formation is prematurely aborted, flagella once disabled by the clutch might be reactivated, allowing cells to bypass fresh investment in flagellar synthesis. Whereas flagellum expression and assembly are complex and slow, clutch control is simple, rapid, and potentially reversible. Astrocytes have long been thought to act as a support network for neurons, with little role in information representation or processing. We used two-photon imaging of calcium signals in the ferret visual cortex in vivo to discover that astrocytes, like neurons, respond to visual stimuli, with distinct spatial receptive fields and sharp tuning to visual stimulus features including orientation and spatial frequency. The stimulus-feature preferences of astrocytes were exquisitely mapped across the cortical surface, in close register with neuronal maps. The spatially restricted stimulusspecific component of the intrinsic hemodynamic mapping signal was highly sensitive to astrocyte activation, indicating that astrocytes have a key role in coupling neuronal organization to mapping signals critical for noninvasive brain imaging. Furthermore, blocking astrocyte glutamate transporters influenced the magnitude and duration of adjacent visually driven neuronal responses.
T hough astrocytes are the major class of nonneuronal cell in the brain (1), their role in brain function is unresolved. Evidence has accumulated for an active role of astrocytes in brain function (1-3). Astrocytes are closely apposed to many central synapses (4, 5) and can respond to a number of neurotransmitters, including glutamate (6) , by increases in intracellular calcium. In turn, astrocytes release glutamate and other neuroactive substances (7) (8) (9) (10) that affect neuronal activity (11) and can modulate synaptic strength (10, 12, 13). Astrocytes contact vascular networks and can potentially influence the cerebral microcirculation (14) (15) (16) , which has led to the proposal that astrocytes might support indirect, hemodynamic imaging of neuronal activity (17, 18) . Despite these in vitro studies, however, little is known about the behavior of astrocytes in vivo. Pioneering studies have demonstrated that astrocytes do respond to neural activity in vivo (19) (20) (21) , but fundamental questions about the relationship between neuronal networks, astrocytes, and hemodynamic responses remain unsolved.
The precise orderly mapping of orientation preference in the visual cortex of higher mammals provides a model system with which to study these interactions. The synaptic input near pinwheel centers is nearly untuned (22) , yet individual neurons are sharply tuned because of nonlinear filtering of inputs (23) and are organized on a scale of less than 50 mm (24) . Do astrocyte responses passively follow the untuned inputs, or do they show similar tuning and maps as do their neighboring neurons? Is the spatial resolution of astrocyte activation sufficient to support hemodynamic mapping methods? If so, what influence do astrocytes have on hemodynamic mapping signals? We addressed these issues by performing parallel two-photon calcium imaging of neurons and astrocytes and optical imaging of blood-volume changes in a single, well-characterized model system. We investigated the visual tuning and mapping of astrocytes, along with their influence on hemodynamic signals and neuronal responses, in the primary visual cortex (V1) of ferrets by loading cells with the fluorescent calcium indicator Oregon Green Bapta (OGB1) (25, 26) and the specific astrocytic marker sulfarhodamine101 (SR101) (20) and using two-photon imaging to simultaneously monitor the visual activity of neurons and that of neighboring astrocytes (27) (movie S1).
Our first finding is that astrocytes in the visual cortex respond to visual stimuli with robust increases in calcium concentration. Fig. 1A (left panel) shows double labeling of a 50-by-50-mm square patch of cortex, 120 mm below the pial surface containing neurons and an astrocyte. Fig. 1B shows the responses of the two cells circled in Fig. 1A to a visual stimulus consisting of a drifting grating. The neuron (blue trace) shows a fluorescence increase of close to 10%, which begins at the time of stimulus onset and lasts throughout the duration of the stimulus presentation. The astrocyte response (red trace) also exhibits a stimulus-locked calcium increase, which is delayed roughly 3 to 4 s from stimulus onset (movie S2). Whereas calcium increases in neurons result from spiking activity (28, 29) , astrocyte responses are attributable to a delayed release of calcium from internal stores (30) . The existence of visually evoked calcium responses in astrocytes led us to ask whether astrocytes have spatially restricted receptive fields, similar to those found in neurons in the visual cortex. We tested the spatial extent of stimuli eliciting astrocyte responses by presenting vertical or horizontal bars moving sequentially across visual space.
Astrocytes responded to stimuli over a similar region of space as neighboring neurons (Fig. 1C) . Both the location of maximal response and the extent of the receptive field were comparable in the x and y dimensions of space. Contour plots of responses show that nearby neurons and astrocytes have largely overlapping receptive fields (Fig. 1D) .
We next examined whether astrocytes have other receptive-field characteristics found in neurons. We first tested orientation tuning with drifting gratings of different orientations. Fig. 1E shows plots of the responses of an astrocyte and a neuron to the presentation of drifting gratings of six orientations, spanning 180°at 30°intervals. The neuron (blue trace in Fig. 1E , middle panels) shows a visual response to a narrow range of orientations, as was expected from previous studies using calcium imaging or direct measurement of firing rate (24, 31, 32) . The tuning curve (below) is typical of neurons in ferret V1 (33, 34) . The astrocyte (red trace) also has clear orientation tuning (Fig. 1E, right panels) . Furthermore, the preferred orientation of the astrocyte is very similar to that of the nearby neuron, suggesting that there may be spatial alignment of orientation preference between neurons and astrocytes. We also measured the responses of astrocytes to gratings varying in spatial frequency. The neuron in Fig. 1F (middle panels) shows spatial-frequency tuning typical of visual cortical neurons in ferret V1 (35) . The astrocyte is also selective for spatial frequency (Fig. 1F, right panels) .
We then analyzed the tuning characteristics of astrocytes in more detail. We made OGB1 injections into orientation domains, thus labeling a population of cells with a relatively homogeneous orientation preference, and subsequently obtained high-resolution tuning curves with stimulus sampling at 10°intervals. Astrocytes were even more sharply tuned for orientation than neurons ( Fig. 2A) . On average, neurons responded to a stimulus 20°from the preferredroughly half as much as to the preferred orientation-whereas astrocytes responded only minimally, if at all. We fitted the tuning curves [calculated from fractional change in fluorescence (F); ∆F/F] with a Gaussian function to quantify differences in tuning. There was a significant difference in tuning width, which is apparent in the overlaid tuning curves ( 16 .4°; n = 113 cells from three ferrets; P < 0.01; t test).
REPORTS
Next, we quantitatively examined the tuning of astrocyte responses to spatial frequency and compared them with adjacent neurons. Astrocytes were more sharply tuned for spatial frequency than neurons (Fig. 2, D to F 
n = 49 neurons, 47 astrocytes from three ferrets). Furthermore, the preferred response features tended to be clustered, such that groups of nearby neurons and astrocytes have similar preferred orientations (see also below) and spatial frequencies ( fig. S1 ), though with a range of tuning widths.
Neuronal receptive-field tuning preferences are organized into two-dimensional maps across V1 (36) (37) (38) (39) (40) . We thus asked if the receptive-field properties of astrocytes are organized in a similar manner. Two-photon imaging is well suited to the mapping of cellular activity at single-cell resolution (24, 25, 32) . We could therefore simultaneously image the spatial arrangement of neuronal and astrocytic orientation tuning over 250-by-250-mm expanses of the cortex (Fig. 3A) . We first analyzed the cellular organization of tuning in an orientation domain, where there is a relatively uniform neuronal preferred orientation. An orientation map of individ- (Fig. 3B ) and the organization of orientation preference in the interposed population of astrocytes (Fig. 3C ) closely match each other (Fig. 3D) . Examples of DF/F tuning curves of two neurons and two astrocytes are plotted in Fig. 3E . Quantitative analysis of the rate of change and scatter demonstrates that the spatial organization of astrocyte and neuron orientation tuning was indistinguishable within an orientation domain ( fig. S2 ).
Orientation tuning of neurons in V1 is organized with high precision, at the level of individual neurons (24) . We were interested to know whether the preferred orientation of astrocytes has a similar degree of organization. To further test the spatial resolution of astrocyte-orientation mapping, we made injections of OGB1 in pinwheel centers and orientation fractures, which are locations in the orientation map where preferred orientation changes dramatically on a short spatial scale (<50 mm). The single cell-based neuron maps closely match orientation maps obtained with optical imaging of intrinsic signals ( fig. S3 ). The example in Fig. 3 , F to J, demonstrates that the astrocyte-orientation map was just as precise as that of neurons. The single cellbased orientation map of neurons is shown in Fig. 3G (movie S3) . The pinwheel center was remarkably distinct; there was no overlap of orientation preferences across the pinwheel center. The same holds true for astrocytes (Fig.  3H) . The overlay of the two maps (Fig. 3I) shows that the alignment of the pinwheel center was matched perfectly. Quantitative analyses demonstrate that the orientation preference of astrocyte responses was mapped just as precisely as that of neuronal responses ( fig. S2) . Thus, there is a remarkable degree of specificity in the mechanisms responsible for generating and mapping orientation tuning in astrocytes. This is particularly notable, given that the presynaptic activity in the neuropil surrounding a pinwheel is very poorly tuned ( fig. S4) . In contrast to some situations in vitro where astrocyte activity has been associated with "calcium waves" that propagate through large networks of interconnected cells (41) , our data demonstrate that, in vivo, astrocytes behave relatively independently of each other: Each astrocyte is sharply tuned for orientation, and two astrocytes only tens of microns apart can respond to orthogonal stimulus orientations.
The sharp tuning of astrocytes suggests the possibility that a high level of local neuronal activity is necessary to elicit astrocyte responses. In support of this hypothesis, we found that small changes in isoflurane concentration, over a narrow range of concentrations around~1%, produce a modest reduction of neuronal responses but a dramatic reduction of astrocyte responses (Fig. 4 , A to C). Fig. 4A shows the magnitude map for a field of neurons and astrocytes at different concentrations of isoflurane. The responses of astrocytes (circled in white) were reduced in a dose-dependent manner, with a sharp fall-off between 0.9 and 1.2% (fig. S5) . The average reduction in astrocyte responses under high isoflurane (>1%) compared with low (<1%) was 77 ± 14% (44 astrocytes from four ferrets, P < 0.001 comparing individual animals, t test), whereas neuronal responses were only reduced by 16 ± 8% (33 neurons from four ferrets, P < 0.001, t test) (Fig. 4C) .
We have taken advantage of the differential sensitivity of astrocytes and neurons to isoflurane to directly probe the role of astrocytes in translating neuronal-orientation maps into hemodynamic maps. Astrocyte activity leads to vasodilation in vitro (14, 16, 42, 43) and in vivo (15, 16) . However, the spatial scale of astrocytemediated neurovascular coupling is unknown, and this is a critical factor for functional imaging of orientation maps. Spatial blurring of hemodynamic signals would lead to systematic errors of optically imaged orientation maps (44) , whereas we find that the optical map matches the neuronal map nearly perfectly ( fig. S3 ). To address the role of astrocytes in the ability to image high-resolution orientation maps with intrinsic signals, we performed optical imaging under identical conditions as our two-photon experiments. We used green (546-nm) light, which emphasizes changes in blood volume (45) , and measured the mapping signal from orthogonal stimulus orientations. Concentrations of isoflurane that preferentially reduce astrocyte responses led to a large reduction in the differential orientation maps, with an average mappingsignal reduction of 77 ± 9% (Fig. 4 , D to F; four ferrets; P < 0.001; t test). Thus, the ability to reliably measure the pinwheel structure of orientation maps with hemodynamic imaging ( fig. S3 ) is probably due to the highly localized engagement of astrocytes by neuronal activity.
One potential concern about these results is that neuronal activity is also reduced, though modestly, by isoflurane, which could possibly lead to direct reduction of the blood-volume response (46) (47) (48) . We therefore sought a means to block astrocytic responses without interfering with neuronal synaptic transmission. One mechanism to trigger astrocyte responses is the activation of glutamate transporters (49, 50) . Astrocyte glutamate transporters provide the major mechanism for glutamate clearance from the synaptic cleft, and their activity tightly regulates the amplitude and kinetics of synaptic transmission in vitro (51) . Fig. 4G shows the response magnitudes of a field of neurons and astrocytes before, during, and after application of the glutamate transporter antagonist DL-threo-bbenzyloxyaspartate (TBOA) via a visualized pipette. The responses of astrocytes (circled in white) were clearly and significantly reduced (Fig. 4 , H and I; 88 ± 10% reduction; 32 astrocytes from three ferrets; P < 0.001; t test). The responses of neurons were increased to a lesser extent (58 ± 25% increase, 67 neurons from three ferrets, P < 0.001, t test), and some neurons that were unresponsive in the control condition became measurably responsive during TBOA application (Fig. 4G and fig. S6 ). Furthermore, neuronal responses were prolonged during TBOA application (Fig. 4H) , consistent with an increase in glutamate availability at synapses because it is not cleared by astrocyte transporters. These data demonstrate a key role for astrocytes in regulating the strength and time course of neuronal responses to incoming synaptic inputs.
Having demonstrated that TBOA is an effective means to silence astrocytes without any potential confound from reducing neuronal responses, we next tested the effects of TBOA on stimulus-specific blood-volume responses with optical imaging. TBOA reduced these signals to <20% of control (n = three ferrets; P < 0.001; t test; Fig. 4 , J to L)-a notable effect, given that neuronal responses are actually increased during TBOA application. The orientationselective mapping signals from intrinsic-signal imaging were reduced to a similar extent as those of the astrocyte calcium responses (by 85 ± 2%; mean of three ferrets; Fig. 4L ).
We have demonstrated the visual response properties and detailed organization of astrocytes in the visual cortex. Astrocytes exhibit robust calcium responses to visual stimuli that are dependent on stimulus features and have many of the receptive-field characteristics of neurons. In particular, they have well-defined spatial receptive fields, orientation tuning, and spatial-frequency tuning. What's more, astrocytes are more sharply tuned for orientation and spatial frequency than neurons. Additionally, the orientation preference of astrocytes is exquisitely mapped across the cortex at single-cell resolution, in close register with the neuronal-orientation preference map. This suggests that, in vivo, astrocytes do not necessarily function as a broadly interconnected network [as has been suggested by some in vitro studies (41, 52) ], but rather that each astrocyte interacts quasi-independently with a small number of neurons surrounding it. Future work will be necessary to determine whether groups of astrocytes with similar response properties form distinct syncytia. Furthermore, astrocyte calcium responses are a critical step in local hemodynamic regulation, as is commonly measured with intrinsic-signal optical imaging and blood oxygen level-dependent functional magnetic resonance imaging.
Our findings indicate that the spatial scale of synaptic interactions between neurons and astrocytes is extremely precise. In orientation domains, where the presynaptic inputs are highly orientation selective ( fig. S4) (22, 23) , it is not surprising that astrocytes and neurons have similar orientation tuning. However, at orientation pinwheels, where the inputs are almost untuned ( fig. S4) as their neighboring neurons, and their tuning is even sharper. There are several potential explanations for the sharp tuning of astrocyte responses. Astrocyte visual responses probably arise from the presynaptic activity of afferent and/or recurrent inputs at synapses with closely abutting astrocytic processes. An important basis for astrocyte calcium responses in the ferret visual cortex is the binding of glutamate to astrocyte glutamate transporters. Though the signaling pathway is not fully known, it is feasible that the depolarization caused by the transporter current triggers calcium influx in astrocytes via voltage-dependent calcium channels or by the release of calcium from intracellular stores (53) . It is possible that threshold levels of presynaptic activity need to be crossed to activate glutamate transporters on astrocytes; such a threshold could, in principle, account for sharper astrocyte tuning. Our data showing that increased isoflurane leads to small decreases in neuronal responses but large decreases in astrocyte responses supports this hypothesis. However, alternative interpretations are also possible. Astrocytes may sample presynaptic activity over a smaller spatial scale than neurons (and thus from a smaller region within a feature map), leading to sharper tuning. It is also possible that astrocytes may not sample uniformly from synapses within their anatomical span. If they had a higher proportion of processes or a higher density of receptors/transporters at the strongest synapses, this could effectively increase their response selectivity. Regardless of the mechanism, however, the sharp response tuning of astrocytes and their precise mapping, combined with their highly selective vascular effects, probably contributes critically to the ability of hemodynamic imaging methods to obtain valid measures of neuronal activity.
It is worth noting that the functional contribution of astrocytes includes the regulation of neuronal response magnitude and duration. In vitro studies demonstrate that astrocytes release glutamate upon activation (7) (8) (9) (10) , are closely apposed structurally to spines (4, 5) , and influence synaptic strength between neurons (10, 12, 13) . This suggests that they may also influence temporal dynamics of neuronal responses during adaptation or learning in vivo (54) (55) (56) Messenger RNA (mRNA) stability, localization, and translation are largely determined by sequences in the 3′ untranslated region (3′UTR). We found a conserved increase in expression of mRNAs terminating at upstream polyadenylation sites after activation of primary murine CD4 + T lymphocytes. This program, resulting in shorter 3′UTRs, is a characteristic of gene expression during immune cell activation and correlates with proliferation across diverse cell types and tissues. Forced expression of full-length 3′UTRs conferred reduced protein expression. In some cases the reduction in protein expression could be reversed by deletion of predicted microRNA target sites in the variably included region. Our data indicate that gene expression is coordinately regulated, such that states of increased proliferation are associated with widespread reductions in the 3′UTR-based regulatory capacity of mRNAs.
T he 3′ untranslated region (3′UTR) of mRNA has known functions in the stability, localization, and translation of mRNA (1) . These roles are mediated by interactions with regulatory proteins and RNAs, including microRNAs (miRNAs) (2) . About half of mammalian genes use alternative cleavage and polyadenylation (APA) to generate multiple mRNA isoforms differing in their 3′UTRs (3) (4) (5) . However, the extent to which differential expression of these isoforms is used to regulate mRNA and protein levels in cellular proliferation and differentiation programs is poorly understood.
